Neuregulin 1 (NRG1) is a strong candidate for involvement in the aetiology of schizophrenia. A haplotype, initially identified as showing association in the Icelandic and Scottish populations, has shown a consistent effect size in multiple European populations. Additionally, NRG1 has been implicated in susceptibility to bipolar disorder. In this first study to select markers systematically on the basis of linkage disequilibrium across the entire NRG1 gene, we used haplotype-tagging single-nucleotide polymorphisms to identify single markers and haplotypes associated with schizophrenia and bipolar disorder in an independently ascertained Scottish population. Haplotypes in two regions met an experiment-wide significance threshold of P = 0.0016 (Nyholt's SpD) and were permuted to correct for multiple testing. Region A overlaps with the Icelandic haplotype and shows nominal association with schizophrenia (P = 0.00032), bipolar disorder (P = 0.0011), and the combined case group (P = 0.0017). This region includes the 5 0 exon of the NRG1 GGF2 isoform and overlaps the expressed sequence tag (EST) cluster Hs.97362. However, no haplotype in Region A remains significant after permutation analysis (P > 0.05). Region B contains a haplotype associated with both schizophrenia (P = 0.00014), and the combined case group (P = 0.000062), although it does not meet Nyholt's threshold in bipolar disorder alone (P = 0.0022). This haplotype remained significant after permutation analysis in both the schizophrenia and combined case groups (P = 0.024 and P = 0.016, respectively). It spans a B136 kb region that includes the coding sequence of the sensory and motor neuron derived factor (SMDF) isoform and 3 0 exons of all other known NRG1 isoforms. Our study identifies a new of NRG1 region involved in schizophrenia and bipolar disorder in the Scottish population.
Introduction
Neuregulin (NRG1) on chromosome 8p12 is one of four neuregulin genes (NRG1, NRG2, NRG3 and NRG4). NRG1 has been implicated in the aetiology of breast cancer, heart disease, multiple sclerosis and schizophrenia. 1 It is a large multiexon gene spanning B1.1 Mb with multiple transcription start sites and alternative splice sites that give rise to a complex series of isoforms. The isoforms have been classified into three types (I, II, III) on the basis on their N-terminal sequences and functional domains. However, recently, Steinthorsdottir et al. 2 reported the identification of additional transcription initiation sites and internal exons and have proposed the addition of isoform types IV-VI, further increasing the isoform complexity. NRG1 is a ligand for ErbB tyrosine kinase receptors and is known to mediate cell-cell interactions in the nervous system, heart, breast, muscle and other organs (reviewed by Falls 1, 3 ). NRG1-mediated signalling results in stimulation or inhibition of cell proliferation, apoptosis, migration, differentiation and adhesion (reviewed by Yarden and Sliwkowski 4 ). The differences in structure and expression patterns of the isoforms are thought to modify the protein to suit different signalling strategies and requirements (reviewed by Falls 1, 3 ). Mice heterozygous for two different Nrg1 mutations, which are in domains that are present in all isoforms, display phenotypes thought to be related to schizophrenia. These include hyperactivity in behavioural tests, impaired prepulse inhibition (PPI) and reduced numbers of functional NMDA receptors in the prefrontal cortex. [5] [6] [7] Hyperactivity, but not the PPI defect, is reversed by treatment with the antipsycho-tic drug clozapine. 7 Mice heterozygous for a mutation in the Ig-like domain (type I and II) of Nrg1 show clozapine suppression of open-field and running wheel activity and impaired latent inhibition, but no hyperactivity. 8 Recent experiments involving rat NRG type 1b suggest that it is involved in the reduction of NMDA receptor activity, through ErbB-mediated internalization of NMDA receptors, which is likely to affect synaptic plasticity, long-term potentiation and thus memory. 9, 10 Rat NRG1 has also been shown to downregulate GABA-A receptors in the hippocampus. 11 Thus, while the precise functions of the neuregulin isoforms have yet to be resolved, their involvement in dopaminergic neurotransmission, synaptic plasticity and neuronal migration, make NRG1 a promising functional candidate for schizophrenia.
Multiple genome linkage scans and meta-analyses have suggested chromosome 8p as the location of a susceptibility gene for schizophrenia in several different populations. 7, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Fine mapping and haplotype analysis of the linkage peak in an Icelandic sample identified a haplotype, shared by seven out of the thirty-three families tested, implicating an B600 kb region. 7 A core haplotype from this region (Hap ICE ) spanning 290 kb and consisting of five singlenucleotide polymorphisms (SNPs) and two microsatellite markers was found to be over-represented in affected individuals (P = 0.000087, one-tailed; Figure 1 ). This core haplotype spans the NRG1 promoter region, the first 5 0 exon, which encodes the N-terminus of GGF2, and part of the first intron. A subsequent case-control study of schizophrenia patients and controls from North East Scotland gave one-tailed P-values of P = 0.00031 for the same sevenmarker Hap ICE haplotype, and P = 0.000032 for the haplotype containing the five SNPs alone (Figure 1 ). 23 Three further groups have studied UK/Irish and Portuguese samples and found no significant differences in the Hap ICE frequencies, [24] [25] [26] although the Hap ICE haplotype was more frequent in the case versus the control group in all three studies. A fourth family-based study found no significant differences in either the individual alleles of the Hap ICE markers or the haplotypes thereof investigated, but did not formally test the Hap ICE haplotype. 27 Petryshen et al. (2005) 26 undertook a meta-analysis combining the Portuguese results with those of previous European NRG1 association studies. 7, 23, 25, 28 The estimated combined odds ratios (OR) for the seven-marker Hap ICE was 1.5 (95% CI: 1.44-1.56). 26 This result remained significant when the original Icelandic sample was excluded, OR = 1.37 (95% CI: 1.31-1.44), 26 suggesting a small, but consistent, effect size of this haplotype in schizophrenia. However, as noted by Stefansson et al., 7 this magnitude of effect is unlikely to be sufficient on its own to account for the linkage signals in this region. Corvin et al. 25 reported that an alternate two-marker microsatellite haplotype is in excess both in their Irish sample and the original Scottish sample used by Stefansson ( Figure 1 ). This HapB IRE includes one of the Hap ICE microsatellites and is positioned Figure 1 Most significant individual haplotype P-values from previous association studies of NRG1 and schizophrenia or bipolar disorder. The P-values of the most significant haplotypes are given for each study reporting significant association between NRG1 and schizophrenia 7, [23] [24] [25] [26] [29] [30] [31] [32] [33] or bipolar disorder. 24 Williams et al. 28 is not included as this sample was not significant when reanalysed with an increased control sample. 24 Yang et al. 30 and Hall et al. 29 reported P-values as less than a defined threshold, in these cases the threshold value is used. close to Hs.97362, an expressed sequence tag (EST) cluster of unknown function, within intron 1 of NRG1. 25 Petryshen et al. 26 also reported weak association in their Portuguese sample of two haplotypes at the exon-dense 3 0 region of the gene, as well as the association of an alternative 5 0 haplotype containing two Hap ICE SNPs (Figure 1 ). These reports suggest that there may be additional haplotypes associated with schizophrenia in NRG1 in European populations.
Genetic evidence for the association of NRG1 with schizophrenia is not restricted to European populations. A South African Caucasian Afrikaner study 29 and five studies of the Han Chinese reported significant association of haplotypes with schizophrenia, both for Hap ICE markers and for other markers located in the region of Hap ICE and elsewhere ( Figure 1) . [30] [31] [32] [33] However, one report on the Han Chinese, one from the USA and a study from Japan failed to detect association. 29, 34, 35 To date only one study has examined the effect of NRG1 in bipolar disorder. Green et al. 24 found association in a Caucasian UK sample of bipolar disorder with a haplotype bearing the same alleles as seen on the Hap ICE haplotype (Figure 1 ). The odds ratio and 95% confidence limit was similar to that seen for schizophrenia, OR = 1.37, 95% CI: 1.03-1.80.
We have performed case-control association studies of both schizophrenia and bipolar disorder testing the whole of NRG1, including the linkage disequilibrium (LD) blocks up-and downstream of the coding region. Data from the International HapMap Project (http://www.hapmap.org/) was downloaded into Haploview and haplotype tagging SNPs (htSNPs) were selected to represent the genetic variation across the gene. Our aim was to carry out a comprehensive survey of NRG1. We considered this important given the increasing evidence of alternate NRG1 haplotypes predisposing to schizophrenia and the recent report of association with bipolar disorder. In order to compare our results in the 5 0 region of the gene with those of others, we subsequently genotyped four of the Hap ICE SNPs and determined their relationship to the haplotypes associated in our sample.
Materials and methods
The study was approved by the Scottish Multicentre Research Ethics Committee. All patients and controls gave informed written consent.
Case-control sample Subjects were inpatients or outpatients of hospitals in South East or South Central Scotland. Subjects were interviewed by an experienced psychiatrist and a venous blood sample was given for DNA extraction. Diagnoses were made according to Diagnostic and Statistical Manual (DSM)-IV criteria 36 based on case note review and personal interview using The Schedule for Affective Disorders and Schizophrenia -lifetime version (SADS-L). 37 Final diagnoses were reached by consensus between two experienced psychiatrists (DB and WM). Control subjects were drawn from the same population in South East and South Central Scotland. The majority was recruited from donors for the Scottish National Blood Transfusion service (395). Although the blood donors were not screened by interview for personal or family history of psychiatric illness, donors are accepted only if they are taking no medication and are not currently unwell with physical or psychiatric illness. The remaining controls (83) were recruited from the local population or from hospital staff. These controls were briefly screened by interview to exclude anyone currently on psychotropic medication or with a history of treatment for psychiatric illness.
Genomic DNA was extracted from venous blood samples using standard protocols.
SNP selection and genotyping
SNPs were selected to tag haplotypes of greater than 10% frequency in the HapMap data release #7 using the data from the CEPH trios of Utah residents of northern and western European ancestry (CEU) for the region chr8: 31 520 000-32 854 000 (NCBI Build 34). Data for SNPs with minor allele frequencies greater than 10% were downloaded into Haploview version 2.05, 38 and LD blocks identified using Solid Spine of LD (D 0 > 0.8). Blocks were joined where the multiallelic D 0 (MAD 38, 39 ) between blocks was > 0.85. Haploview was then used to select htSNPs with a frequency of greater than 10% within each block, selecting at least one SNP per block. SNPs that fell outside or between blocks of LD, as defined by the above parameters, were also genotyped.
Tagging SNPs were either genotyped by Illumina, San Diego, using Bead Array technology, or by the Wellcome Trust CRF Genetics Core Facility using TaqMan assays on an ABI7900. The Hap ICE SNPs, SNP8NRG221132; SNP8NRG221533; SNP8NRG241930; SNP8NRG243177 (rs6994992), were genotyped by the Wellcome Trust CRF Genetics Core Facility using TaqMan assay-by-design assays. For information on Hap ICE SNPs and microsatellite see deCODE Genetics, http://www.decode.com/nrg1/markers.
Statistical analysis All markers were tested for Hardy-Weinberg equilibrium (HWE) using a w 2 goodness-of-fit test. Case-control association analyses were performed using the Unphased suite of programmes. 40 Haplotypes were estimated in Unphased using an EM algorithm. Single-marker and sliding-window analyses of two-to four-SNP haplotypes were performed using the program Cocaphase (Unphased suite of programs), clumping together rare haplotypes of a frequency less than 1% in both the cases and controls. P-values were calculated for the differences in global haplotype frequencies (pg) and individual haplotypes frequencies (pi) for SCZ and BP both separately and combined. In addition, a seven SNP haplotype window, consisting of the four Hap ICE SNPs and the three most significant SNPs from Region A in this study, was also analysed using Cocaphase.
Multiple-testing correction
The nominal P-values given are two-tailed and uncorrected for multiple testing. An experiment-wide significance threshold was calculated using the method by Nyholt (http://genepi.qimr.edu.au/general/ daleN/SNPSpD). 41 P-values meeting this threshold were subsequently subjected to permutation analysis (1000 permutations) using Cocaphase. It should be noted that while this multiple-testing correction adjusts for the number of markers and sliding windows tested, it does so only for the size of the significant sliding window and not for other window sizes. All sliding windows covering a given region are likely to be highly correlated with each other and are therefore unlikely to greatly inflate the number of independent tests undertaken in this study.
Results
Thirty-six htSNPs were selected for case-control association studies of NRG1 from the International HapMap project CEU data. These htSNPs discriminated between haplotypes of frequency greater than 10% within haplotype blocks in a 1.3 Mb region spanning the NRG1 gene. This resulted in an average density of one SNP per 37 kb across 14 LD blocks. The SNPs were genotyped in 455 control (237 male, 218 female), 386 SCZ (276 male, 110 female) and 368 BP (160 male, 208 female) subjects. All markers were in Hardy-Weinberg equilibrium in our sample (P > 0.01).
We selected htSNPs on a block-by-block basis to capture efficiently the genetic variation across the entire gene, but not to impose a definite block structure on the region and the subsequent analysis. Haplotype blocks are, to a certain extent, dependent on the algorithms used to construct them as well as to SNP density and population structure (see for example Nothnagel and Rohde 42 ). Additionally, there is often substantial multiallelic D 0 (MAD) between adjacent haplotype blocks, indicating that SNPs in neighbouring blocks may provide additional valuable information. 43 For these reasons, and because of the wider range of haplotype frequencies and thus causal variant frequencies covered, rather than apply a strict block-by-block analysis, we followed a single-marker and sliding-window approach in order to increase our power to detect the causal variant (See Wray 44 ). This ensured that our analysis was robust to block definitions that did not represent the true biological boundaries.
Sliding-window analysis identified clusters of single markers and individual haplotypes that show association in both SCZ and BP subjects (Table 1, Figure 2 ). The most significant haplotypes in each cluster (underlined in Table 1 ) define two regions, Region A that includes LD blocks 1-4 and Region B that includes LD blocks 9 and 10 ( Figures 2 and 3) .
P-values are given for both global tests (pg) and individual tests (pi) of significance (Supplementary Information, Table 1 ).
Our study presents a considerable number of tests and indeed our samples are used in other association studies. However, a Bonferroni correction for all tests performed would be overly conservative as many of the tests are correlated. We therefore used the method of Nyholt (http://genepi.qimr.edu.au/general/daleN/ SNPSpD), which accommodates LD between the SNPs, to determine the effective number of independent SNPs and a preliminary significance threshold. 41 Using this method the effective number of independent SNPs was 32 and an experiment-wide significance threshold of P = 0.0016 is needed if the type I error rate is to be kept at 5%. We have used this threshold to determine which P-values to subject to permutation analysis using Cocaphase (corrected P-values). However, it should also be noted that the previous reports of genetic association with both SCZ and BP, the biological studies of mutations in Nrg1, and the function of the gene increase the prior probability of NRG1 being involved in susceptibility to both SCZ and BP. We have therefore also reported P-values that are only nominally significant (P < 0.05) where they may be of interest, for example, with haplotypes involving the Hap ICE markers.
Region A Region A (Table 1, Figure 3 ) contains a 3-SNP haplotype that is nominally significant with SCZ alone (SNPs 9-11, haplotype t-t-t, pg = 0.0043, pi = 0.00032), although it does not withstand permutation analysis (corrected P = 0.057) This haplotype is not significant in the BP sample (pg = 0.40, pi = 0.084) and did not meet Nyholt's threshold in the combined sample of SCZ and BP (pg = 0.0080, pi = 0.0017).
The t-t-t haplotype has an estimated haplotype frequency of 1.3% in SCZ, but is unlikely to occur in BP or controls individuals (Supplementary Information, Table 1 ). This haplotype spans LD blocks 2 and 3 ( Figure 2 ) and overlaps with the blocks containing the Hap ICE seven-marker haplotype. We therefore investigated the relationship between this three SNP haplotype and the Hap ICE SNPs. Genotyping of four of the five Hap ICE SNPs (SNP8NRG221132, SNP8NRG221533, SNP8NRG241930, SNP8NRG243177) showed no significant difference between SCZ and controls for the Hap ICE haplotype (g-c-g-t, 34.5% cases, 34.8% controls, pg = 0.79, pi = 0.92). However, analysis revealed that 77% of the SCZ t-t-t haplotype carriers coinherited the g-c-g-t alleles of the Hap ICE haplotype, with the remaining 23% coinheriting an alternate g-t-g-g haplotype at these SNPs. Association analysis of the seven-SNP haplotype g-c-g-t-t-t-t showed nominally significant association with SCZ (1.1% cases, 0.0% controls, pg = 0.037, pi = 0.0025), while the alternate seven-SNP haplotype containing g-t-g-g-t-t-t was not significant (pi = 0.059). The results from the seven-SNP haplotypes may be inflated due to both the low estimated frequency of the haplotype (Figure 2 ). This haplotype shares two out of three SNPs with the nominally associated schizophrenia haplotype described above, but the only allele identical between the two groups is that of SNP 10. This SNP is nominally significant in all three groups (SCZ P = 0.029; BP P = 0.029; combined case group P = 0.011, 10.4% cases, 7.4% controls). SNP 10 is in LD block 3 adjacent to those associated in previous studies (Figure 2) , potentially extending the region containing the putative functional variant(s) further into intron 1.
In the BP sample, analysis of the sliding windows that included the Hap ICE SNPs led to the identification of a four-SNP haplotype that was nominally significant at the individual level (SNP8NRG221533-rs4298458-SNP8NRG241930-SNP8NRG243177, pg = 0.011, pi = 0.0045, 3.8% cases 1.2% controls). This is the only nominally significant haplotype identified in the sliding-window analysis that contains Hap ICE SNPs ( Table 1) . Analysis of the four Hap ICE SNPs alone also identified one nominally significant haplotype g-t-g-t in the BP sample (pi = 0.027), but it did not contain the same alleles as the Hap ICE core haplotype (g-c-g-t). This haplotype is within LD block 1 (Figure 2) .
Region A overlaps with the Hap ICE haplotype, and LD blocks associated with schizophrenia in other populations (Blocks 1 and 2, Figure 3) . 25, 26, [31] [32] [33] Region B In Region B, the most significant haplotype in SCZ (P = 0.00014, corrected P = 0.024) was also nominally significant in the BP sample (P = 0.0022), with the most significant P-value resulting from the analysis of the combined group (SNPs 34-36, pg = 0.0034, pi = 0.000062, corrected P = 0.016; OR 1.54, 95%CI 1.27-1.86; Table 1, Figure 3 ). This haplotype is at the 3 0 end of the gene, and is present at high frequency in both the cases and the controls (32.6% cases, 24.0% controls). This 3-SNP haplotype contains SNPs from LD blocks 9 and 10 including two out of the three markers are nominally significant in the combined sample (SNP 34 P = 0.011, SNP 35 P = 0.0058). The only additional nominally significant marker in this sample, SNP 33, is also in LD block 9 (SNP 33 P = 0.0060, Table 1 ). LD blocks 9 and 10 span the sensory and motor neuron derived factor, SMDF, isoform and 3 0 regions of all other NRG1 isoforms ( Figure 2) . This was the only haplotype to withstand permutation analysis in this study, identifying a new region of association with both schizophrenia and the combined case group in the Scottish population (corrected P = 0.024 and P = 0.016, respectively). Global P-values are shown for each SNP and individual haplotype P-values of sliding windows of 2-4 SNPs for schizophrenia (SCZ), bipolar disorder (BP) and the combined case group (combined SCZ and BP). Individual P-values are given for haplotypes of P < 0.05 (uncorrected). The underlined P-value is for the best individual haplotype P-value in each cluster. P-values are shown in line with the first SNP in each sliding window, for example, for schizophrenia the first underlined P-value is P = 0.0003, in the column 'three', row 9, indicating that this P-value is for the three-SNP haplotype composed of markers 9, 10 and 11. P-values of Pp0.05 are given in bold.
Discussion
Here, we report significant association between schizophrenia and bipolar disorder and the NRG1 gene. NRG1 is one of the best replicated gene associations in psychiatric illness with more than 10 studies having described its involvement in schizophrenia. One previous study has also reported an association between NRG1 and bipolar disorder. 24 However, to date only three studies have examined the 3 0 region of the gene, 26, 30, 32 and no other study has employed a systematic LD-based marker selection procedure across the entire genic region. Therefore, our study of NRG1 is the first to meet the criterion for a systematic study set by David Goldstein. 45 Petryshen et al. 26 did select SNPs to tag common haplotypes, for a region spanning exon 1 and introns 1 and 2, but not for the remainder of the gene. Using the publicly available information from the International HapMap Project release #7, we selected 36 Table showing the htSNPs genotyped in each block. The blocks that overlap the most significant haplotypes associated with either schizophrenia or bipolar disorder in this study are indicated (Y). Blocks 11 and 12 were not tested (NT) as they did not appear in release #7 data used in SNP selection. The numbers of previous studies also reporting significant haplotypes in each block are also shown.
htSNPs 38 that tagged haplotypes with frequencies greater than 10% within the haplotype blocks covering the NRG1 gene and additional blocks that cover B35 kb 5 0 and B170 kb 3 0 of the known gene (NCBI build 34). We performed case-control association studies of schizophrenia and bipolar disorder and analysed the results as single markers and sliding windows of two-to four-marker haplotypes. This analysis method is robust to misdefinition of blocks, reducing errors due to the relatively small sample size tested in HapMap and to misspecification of block boundaries.
International HapMap Project release #16c includes two additional LD blocks not seen in the data set used to select SNPs. These two blocks lie in the region between two of the original blocks and were not directly examined in this study, however, both these blocks are in strong multiallelic D 0 with blocks in release #7 (MAD > 0.78) indicating that we should have good power to detect any effects in these regions.
Two regions showed nominally significant association with both bipolar and schizophrenia at both the single-marker and haplotype level. Region A was most significant in our schizophrenic sample (P = 0.00032), and overlaps with the Hap ICE region and those of other studies which used SNPs from this haplotype ( Figure  4 ). This region spans the Hap IRE region defined by Corvin et al., 25 which is located slightly 3 0 of the Hap ICE haplotype overlapping with Unigene cluster Hs.97362 (Figure 2a) , and is consistent with the results of Zhao et al. 33 Analysis of four out of five Hap ICE SNPs suggests that the majority of individuals carrying the significant haplotype (t-t-t) in our schizophrenic population coinherit the Hap ICE haplotype. However, unlike the independent Scottish cohort studied by Steffansson et al., 23 no association was seen with any single Hap ICE SNP or with haplotypes of these SNPs in our schizophrenic or combined samples (P > 0.01). Furthermore, the haplotype nominally associated with schizophrenia did not withstand permutation analysis (corrected P = 0.057). Therefore, our results do not replicate the original findings of Steffanson et al. at the marker/ haplotype level. A second haplotype in Region A was nominally associated with bipolar disorder only (P = 0.0011). This haplotype overlaps with our schizophrenia-associated haplotype. When schizophrenia and bipolar disorder are combined the haplotype associated with schizophrenia in Region A is only nominally significant (P = 0.0017), reflecting the difference in the individual haplotypes nominally associated in schizophrenia and bipolar disorder.
A single haplotype containing the Hap ICE SNPs was nominally significant in the bipolar sample (SNPs 3-6, 3.8% cases, 1.2% controls, pi = 0.0045). However, the alleles of the Hap ICE SNPs were not consistent with those on the original Icelandic core haplotype, and this result did not meet the Nyholt's corrected significance threshold. Association between markers of Hap ICE and bipolar disorder has been reported previously in a sample from the UK population. 24 Green et al. genotyped a reduced core Icelandic haplotype using SNP8NRG221533 and the two microsatellites 478B14-848 and 420M9-1395. They reported pg = 0.003 for the three-marker haplotypes, with pi = 0.04 for the core Hap ICE haplotype. Several less frequent haplotypes (frequencies greater than 1%) also contributed to the global P-value; however, we do not know if our haplotype is one of these.
In Region B, the most significant haplotype in the schizophrenic sample was also nominally significant in the bipolar disorder sample (P = 0.0022), resulting in the most significant P-value being that of a three-SNP haplotype in the combined sample (pi = 0.000062, corrected P = 0.016). This supports the involvement of this region in both disorders. This haplotype extends across two LD blocks that total B136 kb, spanning the SMDF isoform and 3 0 exons of all other known isoforms (chr8:32 546 019-32 682 055 NCBI build 34). Three other studies have examined this region of the NRG1 gene (Figure 4) . 26, 30, 32 Yang et al. 30 reported association in the Han Chinese population with three SNPs showing association in transmission/disequilibrium test (TDT) analysis of schizophrenia after Bonferroni correction (P = 0.0078, P = 0.00093, P = 0.013). The global haplotype analysis of the three SNPs identified highly significant global haplotype association (pg < 0.000001) in their study. However, when one of the three, a nonsynonymous SNP, was examined in an independent study of Han Chinese from Taiwan, a trend towards significant overtransmission of the opposite allele was observed (P = 0.052). 34 A second study in the Han Chinese population 32 detected a four-marker microsatellite haplotype in the same 3 0 region that was significant when tested in patients (23.8%) against non-transmitted parental chromosome controls (13.7%, P = 0.000042), but not in the case-control comparison with unrelated controls (P = 0.29). The only European study to examine this region 26 reported nominal association of two nonoverlapping haplotypes in case-control association studies of this region, Hap7 P = 0.044 and Hap9 P = 0.031 (Figure 4) . Interestingly, our most strongly associated single-marker, rs6988339 (combined case group P = 0.0058), was also individually associated in this study (P = 0.030). The association of this second region may help to explain the disparity between the strength of the linkage peak identified in previous studies of schizophrenia and the estimated effect size of the Icelandic haplotype, suggesting that multiple haplotypes in NRG1 affect susceptibility to schizophrenia and also to bipolar disorder.
Two studies have examined the expression of NRG isoforms in cells from schizophrenic individuals. Hashimoto et al. 46 examined mRNA levels of type I, II and III isoforms by RT-PCR in the dorsolateral prefrontal cortex (DLPFC) of 20 schizophrenic postmortem brains and 19 matched controls. They reported a small but significant increase in the expression of type I isoforms in schizophrenia, however, this was also correlated with antipsychotic medication dosage, and a significant decrease in typeII/I and type II/III ratios, which is consistent with the relative underexpression of type II in the DLPFC of schizophrenic patients. There was no evidence of change in the expression levels of type III. No correlation with genotype at SNP8NRG221533 or SNP8NRG243177 was detected. More recently Petryshen et al. 26 reported 3.8-fold increased expression of SMDF, a type III isoform, in the peripheral leucocytes of schizophrenics relative to their unaffected siblings (P = 0.013). None of the other isoforms studied in this report showed significant variation in gene expression between the two groups, although trends towards an effect of diagnosis on type 1 isoform HRG-beta2 (P = 0.093) and overall NRG1 expression were noted (P = 0.13). No association was detected between SMDF expression level and the genotypes of SNPs that uniquely mark protective haplotypes, including rs6988339, the most significant single-marker in our study. However, given the small sample size in the above association studies, the observed negative results are not unexpected. As our 3 0 haplotype spans the coding region of the SMDF isoform, it is possible that the use of the common haplotype defined in our study would yield more significant results.
Genetic linkage and association studies have identified some chromosomal regions and genes that show association in both schizophrenia and bipolar disorder and others that are apparently specific to one but not both of these disorders. This evidence, along with the results of family and twin studies, suggests a partial overlap in the aetiology of these diseases (reviewed by Berrettini 47 ). Splitting samples by diagnosis does raise multiple-testing concerns, but a prior study has suggested that there may be shared genetic predisposition across diagnostic boundaries in the NRG1 region. 24 Interestingly, this study supports the candidacy of NRG1 as a possible gene for not only schizophrenia but also for bipolar disorder. We have shown that identical haplotypes are nominally associated with both diseases in a region at the 3 0 end of the gene. However, it is noteworthy that in the 5 0 region of the gene the haplotypes nominally associated with the two disorders are distinct. It is therefore interesting to note that Green et al. 24 showed that subgroups of the two disorders, bipolar disorder with predominantly mood-incongruent psychotic features and schizophrenic cases who had experienced mania, showed a stronger association in their sample. Similarly, Bakker et al. 48 reported that, while schizophrenia was not associated with the two Hap ICE markers examined, a subgroup of nondeficit schizophrenia was associated, and Kampman et al. 49 reported association of the single Hap ICE SNP tested in only schizophrenic individuals who do not respond to conventional antipsychotics (P = 0.013). These results may indicate that subgroups of schizophrenia and bipolar disorder are associated with NRG1, and further that some regions of the gene may confer risk to both bipolar and schizophrenia and others to only one of the diagnoses.
We have recently published the association of haplotypes in DISC1 with bipolar disorder and schizophrenia using the same sample set. 50 It is interesting that two of the most promising candidate genes for susceptibility to psychiatric illness are associated with these disorders within the same sample set. In the future, we plan to test for interactions between these and other genes in an independent replication set.
The functional variant(s) in NRG1 remain(s) elusive, but our results suggest that it may be possible to define subgroups of both diseases where NRG1 is a risk factor and thus amenable to an NRG1 pathway specific intervention.
